ABSTRACT Black Pearls (BP) carbon powder was chemically modified with chloroanthraquinone groups by spontaneous reduction of 1-amino, 5-chloroanthraquinone with the aim of determining the quinone content of the modified carbon. This information is essential to determine the increase of capacitance associated to the grafted quinone molecules. The capacitance of pristine carbon electrode was doubled due to the presence of the grafted electroactive molecules. The modified BP powder was characterized by thermogravimetric and elemental analyses. The modified powder was also used to fabricate composite electrodes that were characterized by electrochemistry to determine the loading of electroactive quinone molecules. The presence of the chlorine atom on the anthraquinone moiety allows an estimation of the loading from elemental analysis, which is in relatively good agreement with the value estimated by electrochemistry.
Introduction
Quinone-based materials are currently attracting wide interest in the broad field of energy storage and conversion. For example, they have been used as oxygen reduction electrocatalyst, 1,2 as active electrode materials in lithium-ion battery, 37 polymer-air battery, 8 and electrochemical capacitors. 915 Of the quinones, anthraquinone has been the molecule of choice and, electrode materials based on anthraquinone have been prepared by electrochemical and chemical reduction of the corresponding in-situ generated diazonium derivative (Scheme 1). 16 The in-situ generated aryldiazonium cations can be reduced through a concerted mechanism in which the electron transfer between the cations and the electrode and the dinitrogen loss are concomitant. 16 In our recent studies, the grafting of anthraquinone was performed on glassy carbon 17 and porous carbon powder.
1315
For electrochemical capacitors application, the resulting anthraquinone-modified carbon powders were used to prepare composite electrode by mixing with appropriate amounts of conducting carbon and binder. The capacitance of the resulting electrode was improved by a factor of two compared to the pristine carbon electrode. However, one difficulty that arouse in these studies is the issue of the accurate determination of the anthraquinone loading. The knowledge of this loading is essential to evaluate how many grafted molecules are electrochemically active in the modified electrode in order to further tune the grafting strategy to optimize this value.
11
This loading was evaluated by cyclic voltammetry according to a procedure described in details earlier 12 and will be only briefly described below. Unfortunately, this procedure might be flawed for the two following reasons. Firstly, with this procedure one assumes that all the immobilized anthraquinone species are electrochemically accessible. This might not be always the case as previously demonstrated for nitrophenyl-modified carbon 18 and although the surface coverage of an electrochemically modified Au electrode with anthraquinone groups was found to vary linearly with film thickness. 19 Secondly, in one of our recent study, the electrochemical behavior of anthraquinone-modified Black Pearls was investigated in electrolyte of various pHs ranging from acidic (0.1 M H 2 SO 4 ) to alkaline (0.1 M KOH) media. 15 It was found that the voltammetric charge varied significantly between these two electrolytes. Thus, it is obvious that finding a method to accurately determine the actual anthraquinone content of modified carbon materials would be extremely useful. Accordingly, in this report we describe a simple approach to accurately determine the anthraquinone loading of a modified carbon powder. More specifically, the method involves the use of a chloroanthraquinone derivative (Scheme 2) and the correlation of the electrochemically determined quinone loading with the chlorine content determined by elemental analysis.
Experimental

Chemicals
Black Pearls 2000 was obtained from the Cabot Corporation, 1-amino, 5-chloroanthraquinone (97%) was purchased from Alfa Aesar and tert-butylnitrite (90% solution in acetonitrile) from Aldrich. Unless otherwise stated, all reagents were obtained from Aldrich and were used without further purification.
Modification procedure and characterization
A mass of 215 mg of 1-amino, 5-chloroanthraquinone (0.1 equiv. compared to carbon) was added to 150 mL of acetonitrile. The solution was kept under stirring until complete dissolution of the quinone derivative. Then, the same quantity of tert-butylnitrite (1 equiv. compared to the quinone) was added. The mixture was stirred for 30 min and 100 mg of activated carbon was added. Thereafter, every 30 min, another 1 equiv. of tert-butylnitrite was added directly to the organic suspension, which was kept at ambient temperature for 4 hours. The reaction mixture was finally vacuum filtered on a nylon filtration membrane having a pore size diameter of 0.47 µm (Pall) and the carbon powder washed by successive aliquot of acetonitrile, DMF, acetone and methanol and dried under vacuum over night at 70°C. The resulting modified BP powder was heat treated in air at 225°C during one hour to remove solvents trapped in the pores of the materials. 20 
Fabrication of the electrodes and characterization
The working electrode consists of a composite electrode prepared by mixing, in a small volume of ethanol, the modified activated carbons, acetylene black carbon, graphite, and PTFE as binder in a 80:7.5:7.5:5 wt% ratio until a homogenized paste-like consistency was obtained. The paste was cold rolled and a small square of approximately 0.25 cm 2 in size and 1.5 mg in weight was placed in a stainless steel grid (80 mesh, 0.127 mm, Alfa Aesar) used as current collector and was pressed at 0.9 MPa.
A three-electrode configuration was used in a one-compartment cell for the electrochemical characterization of the single activated carbon electrode. The counter electrode consists of a 20 © 60 mm piece of carbon paper (Spectracarb 2050A-6060) placed at 20 mm of the working electrode. All potentials are referred to Ag/AgCl reference electrode placed at 5 mm of the working electrode. Degassed aqueous sulfuric acid (0.1 M) was used as electrolyte. Prior to any measurement, the working electrode was dipped in the electrolyte for 15 min in order to allow the electrolyte to impregnate the electrode porosity. Cyclic voltammetry was carried out using a VMP3 multi-potentiostat (BioLogic) and the electrochemical setups were controlled with EC-Lab software. Thermogravimetric analyses (TGA) were carried out using a TG/DTA6200 from Seiko Instruments. Samples of typically 10 mg were placed in Pt pans and heated from 25 to 900°C at 5°C/min, under flowing N 2 atmosphere. Elementary analyses were carried out by Guelph Chemical Laboratories Ltd by ion chromatography with a Dionex model 100 apparatus and a specific column for halide analysis. The sample was combusted in the presence of oxygen and high purity water was used with H 2 O 2 to recover the species to analyze.
Results and Discussion
The aim of this work is to determine the actual loading of anthraquinone (AQ) groups at the surface of a high-surface porous carbon. It has been motivated by our recent investigations for both AQ electrografted on glassy carbon and AQ-based composite electrode made from high surface area Black Pearls 2000 (BP) chemically modified with AQ groups. 1315 Thus, in the present study, the chloroanthraquinone (ClAQ) loading on Black Pearls 2000 determined by cyclic voltammetry is compared with those determined by elemental and thermogravimetric analyses. Figure 1 shows the cyclic voltammograms for composite electrode made with unmodified and ClAQ-modified BP recorded in aqueous 0.1 M H 2 SO 4 at a scan rate of 2 mV s
¹1
. The cyclic voltammogram for the modified carbon electrode is similar to those reported previously for AQ-modified BP porous carbon. 12, 13 The unmodified BP electrode shows the characteristic rectangular shape expected for materials displaying capacitive properties. For the ClAQ-modified BP electrode, additional well-defined voltammetric waves are observed with an apparent redox potential of ¹0.17 V taken as the average between the peak potentials of the main oxidation wave at ¹0.14 V and the corresponding reduction wave at ¹0.20 V. The apparent redox potential for the ClAQ-modified BP electrode is similar to that reported previously for the non chlorinated material. 1315 The additional redox waves at 0.1 V have already been observed with anthraquinone in previous studies. 13 They can be attributed to the redox processes of the molecules whose oxygen functionalities are involved in hydrogen bonding between two closely-space molecules. Those molecules are oxidized at a more positive potential because of their stabilized exchanged protons.
The cyclic voltammograms were also recorded at various scan rates and a plot of the anodic current as a function of the square root of the scan rate (not shown) is linear suggesting that the redox processes at limited by diffusion. 21 In the case of surface confined electroactive species, a linear plot between the peak current and the scan rate is usually observed. 21 Instead for the ClAQ-modified electrode, the diffusion limited redox process is presumably due to the relatively slow diffusion of protons in the porous structure of the modified carbon material. 
The voltammetric charge corresponding to the interconversion of the quinone groups according to Scheme 3: was estimated by integration of the anodic wave and subtraction of the contribution of the double layer charge of the BP carbon. 12 A voltammetric charge of 110 C/g was estimated and corresponds to a specific capacitance of 110 F/g when a potential range of 1 V was considered. From the voltammetric charge, the loading of ClAQ was determined and average value of 13.0 « 0.9 wt% (number of experiments = 7) was found. This loading is in the range recently reported for AQmodified BP-based electrode, which has been shown to depend on the reaction conditions used for the chemical modification. 12 In the experimental conditions used in this work, grafting of ClAQ on BP led to an increase of the capacitance from 110 F/g (unmodified BP) to 206 F/g when a potential range of 1 V is considered (see Fig. 1 ). As also previously, the double layer contribution appears to be only slightly affected by the presence of the grafted ClAQ molecules. 12 However, it is obvious that ClAQ does not present any advantages in comparison to AQ and in fact its larger molecular weight will be detrimental for application as active electrode material.
The main point to address at this stage is whether or not the electrochemically estimated loading corresponds to the total amount of ClAQ molecules grafted on the BP carbon. This concern is motivated by our recent observation of the variation of the AQ loading, which was observed when the pH of the electrolyte was varied. 15 For example, in the latter report, the loading for a composite electrode determined in alkaline electrolyte was systematically found to be smaller than in acidic electrolyte by a factor close to 2. Furthermore, for glassy carbon electrode modified by electrochemical reduction of the corresponding diazonium cations, the surface coverage was found to vary with the electrolyte pH. Obviously, this could become problematic if one wants to know the actual loading of electroactive molecules of an electrode material. In the present study, the ClAQ loading determined in acidic electrolyte is compared with those determined from thermogravimetric and elemental analysis.
Thermogravimetric analysis of the unmodified and ClAQmodified BP was performed under nitrogen and Fig. 2 shows typical thermograms for these two materials. The unmodified carbon is characterized by a monotonous decrease up to 700°C at which temperature the mass loss becomes more abrupt. This behavior is consistent with that observed for Vulcan carbon 22 albeit the total mass lost at an arbitrary selected temperature of 900°C is slightly larger for BP carbon due to its larger surface area in comparison to Vulcan. The mass loss could be attributed to the departure of oxygen functionalities present at the carbon powder surface or presence of a small amount oxygen in the apparatus due to a leak or in the nitrogen gas used for the experiments. The variation of mass for the modified carbon differs at temperature lower than about 375°C and was found to be smaller following modification. This behavior is intriguing and not fully understood at the moment. Above 375°C, a significant mass loss is observed and is attributed to the departure of the grafted species. The total mass loss reaches 15% at 800°C and appears to be in relatively good agreement with the value determined by electrochemistry (vide supra). However, since both unmodified and modified carbon materials display mass losses, it is unlikely that the 15 wt% loss be solely related to the grafted ClAQ groups. Therefore, in order to take into account the contribution of the unmodified carbon, the thermogram of the unmodified carbon was subtracted from that of the ClAQ-modified carbon. The difference of the thermogram is also shown in Fig. 2 and a total mass loss of ca. 8 wt% can be computed. The fact that this value is smaller than that determined by electrochemistry is not surprising because we have previously demonstrated that the grafting of other organic molecules by the diazonium chemistry influenced the oxygen content of the carbon. 23 Thus, we conclude that this subtraction procedure will lead to an underestimation of the ClAQ loading.
Further experiments by elemental analysis were carried out to determine the quinone loading of the modified carbon. Table 1 reports the value of the atomic oxygen and chlorine content (in wt%) for BP carbon that was subjected to various treatments. The unmodified BP shows an oxygen content of 0.5 wt% which is consistent with the presence of various oxygen functionalities at the carbon surface. In this work, the nature of these oxygen functionalities was not investigated further. The ClAQ loading could be deduced from the increase of the oxygen content. Table 1 reveals an oxygen content of 2.0 wt% for the ClAQ-modified carbon, which translates into a loading of 15.4 wt% for the grafted molecules. If one assumes that the oxygen functionalities initially present are not affected by the grafting procedure, then the ClAQ loading decreases to 11.7 wt%. Making such assumption seems to be inadequate considering that a treatment of BP in the same conditions used for the grafting but without the amine precursor led to a significant increase of the oxygen content (Table 1) . Thus, these results demonstrate that more than one factor can influence the oxygen content of carbon powder modified by the diazonium chemistry and that relying on elemental analysis to determine the quinone loading might lead to inaccurate value. This is confirmed by an additional experiment performed with anthraquinone-modified BP, which gave a loading that does not correlate well with that found by electrochemistry (Table 1 , BP/AQ entry). More importantly, in contrast to the ClAQ modified carbon, the AQ loading deduced from elemental analysis (17.5 wt%) is smaller than the value determined by electrochemistry (20 wt%). Thus, we can conclude that the determination of the quinone loading from the oxygen elemental analysis data would be unreliable.
Thereafter, the chlorine content determined by elemental analysis was compared with the electrochemical data and the relevant data is also included in Table 1 . Chlorine elemental analysis yielded a ClAQ loading that is in relatively good agreement with those Electrochemistry, 81(10), 863866 (2013) obtained from electrochemistry albeit it is slightly smaller by about 10%. The fact that the electrochemically determined loading is slightly larger suggests that all the grafted ClAQ molecules are electroactive. On the other hand, the observed difference could be perhaps attributed to the uncertainties in both the elemental analysis measurements and mostly in those associated with the electrochemical measurements. This includes weighing of the active electrode materials and integration of the cyclic voltammogram to obtain the voltammetric charge. 12 
Conclusion
Black Pearls carbon was chemically modified by spontaneous reduction of 1-amino, 5-chloroanthraquinone and the actual loading of anthraquinone at the carbon surface was estimated using cyclic voltammetry together with thermogravimetric and elemental analysis. By thermogravimetric analysis, a significant mass loss of 15% was observed above 375°C and attributed to the departure of the grafted anthraquinone. However, this value is probably overestimated since a monotonous decrease is observed with the unmodified carbon due to the departure of oxygen functionalities present at its surface. Elemental analysis was carried out to determine the oxygen and chlorine contents in the modified powders. One cannot obtain an accurate value of anthraquinone loading relying on the oxygen content. Nevertheless, the results deduced from the chlorine content are in good agreement with those obtained from electrochemistry and this suggests that all the grafted molecules are electrochemically active. In our experimental grafting conditions, the ClAQ surface coverage for the modified carbon material was estimated to about only 25% of that expected for a monolayer. 12 Since the surface coverage of AQ molecules electrochemically grafted varies linearly with film thickness up to a surface concentration of 10 © 10 ¹9 mol cm ¹2 , 19 one can consider that all AQ molecules are electroactive and postulate that this is also the case for a low surface coverage such as the one estimated for the ClAQ-modified carbon. Finally, surface functionalization enables an increase of the specific capacitance of the modified electrode by a factor of two (from 110 to 206 F/g) compared to pristine carbon electrode. 
